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Abstract. 6-Aminolevulinic acid synthetase is induced in chick embryo liver
culture by the natural steroid, etiocholanolone, and by the foreign chemical,
3,5-dicarbethoxy-1,4-dihydrocollidine at the level of transcription. Alterna-
tively, inducing chemicals such as allylisopropylacetamide and 'y-hexachloro-
cyclohexane act primarily at the level of translation. Hemin (Ki = 5 /AM)
inhibits the induction at the level of translation. In liver cell culture, the half-
life of 5-aminolevulinic acid synthetase is 3 hr, that of mRNA about 5 hr.

Certain steroids and a large number of chemicals and drugs have been
found to induce, in animals and in chick embryo liver cells, an increased
porphyrin production in the liver. This "chemical porphyria" was shown to be
caused by an increase in the activity of 8-aminolevulinic acid (ALA)-synthetase,
the rate-limiting enzyme of heme biosynthesis.' The activity of this enzyme
not only controls the rate of heme synthesis in the liver but also the rate of hemo-
globin formation in erythrocytes.2 Naturally occurring inducers of this enzyme
were found to be 5,f-H steroids of the androstane and pregnane series, compounds
previously considered to be inactive metabolic products of steroid metabolism
in vivo. These steroids have been shown to induce an increase in ALA-syn-
thetase not only in the liver3'4 but also in erythroid cells.5-7 Unlike the steroids,
the drugs and foreign chemicals induce only in the liver and not in other tissues.
The diversity of chemical structures which may induce enhanced ALA-syn-

thetase activity has been puzzling. In this paper we report evidence to suggest
that certain compounds may induce the synthesis of ALA-synthetase by affect-
ing the transcriptional process and others by affecting the translational process.
Within the last few years many effector sites have become recognized, especially
at the translational level (e.g., ref. 8,9). The possibility may now be envisioned
that specific inducing chemicals of ALA-synthetase may act at one or another
of these sites and indeed may act at hitherto unrecognized sites.
Methods. Previous studies on the inducibility of ALA-synthetase in chick embryo

liver culture have depended on the recognition of the activity indirectly, by fluori-
metric determination of the porphyrins, in cells or extracts from the cells.' To de-
termine ALA-synthetase directly, we used large Petri plates (13 cm diameter) in which
cells equivalent to about 5 mg protein can be grown. Two Petri dishes are sufficient for
an analysis using modifications of the colorimetric procedure for ALA-pyrrole described
previously.'
The following experiments were made possible by the fact that in chick embryo liver
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in culture, the half-life of the mRNA for ALA-synthetase is about double that of the
enzyme itself. Because of the relatively longer half-life of the mRNA, it was possible to
study the effect of inducing chemicals on the accumulation of mRNA while protein
synthesis was inhibited with cycloheximide, and to study the synthesis of the enzyme
from accumulated mRNA while RNA synthesis was inhibited with actinomycin D.
Experiments and their interpretations. The induction of the synthesis of

ALA-synthetase by inducing chemicals is specific and not general for all pro-
teins: Tracer studies with radioactive orotic acid and leucinel indicated that
the addition of inducer did not bring about a detectable change in the overall
rates of synthesis of mRNA and protein. More recent studies with radioactive
uridine and leucine confirm this result. Therefore, the inducing chemical does
not accelerate some limiting step in total RNA or total protein synthesis, but
rather accelerates some reactions connected with the synthesis of ALA-syn-
thetase and, perhaps, with several other enzymes functionally related to it. 10

The half-life of ALA-synthetase in tissue culture is 3 hr: When normal cells
were incubated with cycloheximide (0.1 ,gg/ml) to stop protein synthesis, ALA-
synthetase decayed with a half-life of 3 hr. In induced cells, the half-life of
the enzyme was shown by the following experiment (Expt. 1 of Table 1). The

TABLE 1. Actions of inhibitors and inducers on ALA-synthetase formation and decay.*
Half-lives of

ALA-synthetase,
Experiment -Additions (,og/ml) (hr)

1 Acetoxycycloheximide (0.06) 3
2 Acetoxycycloheximide (0.06) + AIA (60) 3
3 Acetoxycycloheximide (0.06) + hemin (5) 3
4 Actinomycin D (0.25) 5.2t
5 Actinomycin D (0.25) + etiocholanolone (10) 5.2t
6 Actinomycin D (0.25) + AIA (60) 10.6t
7 Actinomycin D (0.25) + hemin (5) 3.6t

* Chick embryo liver cells grown in monolayers were treated with AIA for 14 hr to induce an
increase in ALA-synthetase, then the medium was changed, additions were made as noted, and the
decay in activity of the enzyme was determined during the next 4-10 hr.

t Overall half-life for ALA-synthetase. After actinomycin D addition, ALA-synthetase activity
increased slightly for 2 hr, remained at a plateau for 3 hr, and finally decayed with a half-life of 3
hr. In experiment 7, the decay of ALA-synthetase took place within 3 hr after additions as noted.

cells in the medium were incubated together with the inducing chemical al-
lylisopropylacetamide (AIA). During a subsequent 14 hr, ALA-synthetase
activity increased about 10 times over the basal level. The medium was then
changed to remove the AIA, and acetoxycycloheximide was added to block
further protein synthesis. ALA-synthetase activity decayed at a first-order
rate with a half-life of 3 hr. Thus, in cells in culture, the half-life is 3 hr in both
normal and induced cells. In the rate the half-life has been reported to be about
1 hr. 11,12
Inducing chemicals do not affect the half-life of ALA-synthetase: It was

estimated that rat liver synthesizes heme at about one-seventh the rate of bone
marrow.'0 Therefore the possibility arose that an inducing chemical might
merely act by slowing down the rate of degradation of ALA-synthetase, as was
found in the case of catalase by Ganshow et al.'3 To test this possibility, the
enzyme was first increased by induction with AIA; after 14 hr the inducer was
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removed and acetoxycycloheximide added to block further protein synthesis.
At the same time an inducing chemical, AIA or etiocholanolone, was added
(Expt. 2 of Table 1). It was found that the half-life of the enzyme remained at
3 hr, i.e., the half-life was independent of the presence of inducers. Therefore,
inducing chemicals did not act to enhance or decrease the rate of degradation of
formed ALA-synthetase. Addition of inducing chemicals to isolated mito-
chondria affected neither the activity of the ALA-synthetase in the mitochon-
drian or other limiting reactions for the synthesis of ALA.

Certain inducing chemicals, e.g., AIA and -y-hexachlorocyclohexane (Lindane),
act at the translational level to enhance the activity of ALA-synthetase: In this
experiment mRNA synthesis was inhibited with actinomycin D in the presence
and absence of an inducer. In this way it was possible to recognize whether the
inducer, acting on preformed RNA, could cause an increase in ALA-synthetase
activity, presumably by causing an enhanced synthesis of the enzyme.
The control experiment was to treat cells with AIA for 14 hr. The AIA was

then removed and actinomycin D was added to the cultures to block the synthe-
sis of mRNA (Expt. 4 of Table 1). After the addition of actinomycin D the
ALA-synthetase activity increased slightly for 2 hr, then remained at a plateau
for the next 3 hr, and finally decayed with a half-life of 3 hr. The apparent
half-life of the overall decay rate was about 5.2 hr. This decay rate included the
decay of mRNA and of ALA-synthetase, both of which were present at the time
of addition of actinomycin D, as well as the decay of the newly synthesized
ALA-synthetase formed from the mRNA. In contrast, when AIA was added to-
gether with actinomycin D (Expt. 6 of Table 1), the overall apparent half-life of
the ALA-synthetase was about 10.6 hr.
These results suggest that after actinomycin D addition, AIA brought about

a marked increase in the synthesis of the enzyme from the preformed mRNA.
The inducing AIA may have increased either the lifetime of the mRNA for
ALA-synthetase or its activity for translation.

In a different type of experiment two kinds of inducers were recognized: one
kind (e.g., AIA, Lindane) increased ALA-synthetase activity in the presence Qf
actinomycin D; the other kind (e.g., etiocholanolone, DDC) did not. In this
experiment, cells that were not previously treated were given actinomycin-D
plus inducer chemical, incubated for 4 hr, and the ALA-synthetase activity then
was determined.

Etiocholanolone (5f3-androstane-3a-ol,17-one) and DDC, but not AIA or Lin-
dane, induce at the transcriptional level: Cycloheximide, which blocks protein
synthesis, was given to the cells in the presence and absence of etiocholanolone
for 8 hr (Fig. 1), after which the medium was replaced by one lacking these
chemicals. Actinomycin D was added to inhibit further mRNA synthesis, and
the activity of ALA-synthetase was measured during the next 6 hr. The ac-
cumulation of mRNA was recognized by the increased activity of ALA-syn-
thetase after the removal of the cycloheximide. In similar experiments AIA or
Lindane effected small or negligible increases over controls.

Etiocholanolone, however, did not appear to affect the translational process
as illustrated in Fig. 2 and experiment 5 of Table 1. Cells were incubated
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media changed
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FIG. 2. Effect of etiocholanolone (Et), in presence and absence of actinomycin
D, on ALA-synthetase activity in the cultured chick embryo liver cells. Cells
were incubated with etiocholanolone (10 pAg/ml) for 18 hr, then the medium was
replaced with fresh medium and additives. The activity of ALA-synthetase was
measured for 10 hr (i.e., between 18 and 28 hr). The upper curve (O-O) represents
the activity of ALA-synthetase in the presence of etiocholanolone (10 pig/ml).
The lower curve represents the activity: without any addition, (@-@); with
actinomycin D (0.25 pg/ml) alone, (A-A); and with actinomycin D (0.25 pg/ml)
plus etiocholanolone (10 pg/ml), (A-A).

with etiocholanolone for 18 hr, the medium was replaced, and then actino-
mycin D was added; the apparent half-life of ALA-synthetase (5.2 hr) remained
the same in the presence as in the absence of etiocholanolone.

Inhibition by heme occurs at the translational level: Studies with labeled
leucine and orotic acid showed that hemin, at 5 MM, did not affect total protein or
total RNA synthesis in chick embryo liver cells.' These findings were recon-
firmed with radioactive leucine and uridine. In addition, it was found that
hemin did not affect radioactive thymidine incorporation, which suggested that
DNA synthesis was not affected. Our finding that hemin did not stimulate
ribonuclease activity also supported the idea that hemin had no effect on non-
specific RNA degradation.
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The addition of hemin to isolated mitochondria from induced cells does not
directly affect the activity of ALA-synthetase except at concentrations that are,
physiologically, abnormally high.1"0
When hemin was added to the liver cells in culture, together with acetoxy-

cycloheximide (Expt. 3 of Table 1), the rate of decay of ALA-synthetase was 3
hr, i.e., the same as the control rate without hemin, which indicated that hemin
did not affect the rate of decay of the enzyme.
An inhibitory effect of hemin on the synthesis of ALA-synithetase was reported

in chick embryo liver cells (Ki 3 MA')I and confirmed in whole animal studies by
Hayashi et al.'4 and by Mkarver." In the present experiments it was possible
to demonstrate that the inhibitory effect is at the translational level. The cells
in culture were first pretreated with AIA for 14 hr to increase the level of ALA-
synthetase. The medium was then changed twice to remove AIA and replaced
with fresh medium to which actinomycin D and hemin were added. It was
determined that the average apparent half-life of ALA-synthetase had decreased
to 3.6 hr, as compared with 5.2 hr with actinomycin D alone.
These results suggested that hemin inhibited the synthesis of ALA-synthetase

at the translational, rather than at the transcriptional level as had been pre-
viously hypothesized.' Hemin might inhibit by competing with an inducing
chemical for a special site, or act at some other site. On the other hand, hemin
might cause a decrease in the lifetime of mRNA for ALA-synthetase. The latter
idea is disfavored because, as noted above, hemin did not stimulate an increase
in ribonuclease activity.

Studies by MIarver"5 on the inhibition by hemin of phenobarbital induction of
microsomal proteins and enzymes in rats led him to suggest that not only was
the synthesis of ALA-synthetase inhibited but also that hemin prevented the
phenobarbital enhancement of the smooth endoplasmic reticulum. According
to this view a number of other proteins in addition to ALA-synthetase may be
induced by drugs and inhibited by hemin.
A tentative interpretation of the present findings is summarized in Fig. 3.

DNA

Transcriptioiial level Iiiducers-5t3-II steroid; DDC

niRNA

Tratislatiomial level Inducers-AIA; Liiidane

LRepressor-Heme

ALA-synthetase

FIG. 3. Controls on ALA-synthetase at the transcriptional and translational levels.

Physiologically occurring 5f3-H steroids such as etiocholanolone may act at the
transcriptional level, )ossibly by derepressing an operoii to permit the synthesis
of the appropriate miINA for ALA-synthetase. A chemical inducer such as
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DDC may also act at this level. In contrast, inducing chemicals like AIA and
Lindane appear to act primarily at the translational level. Hemin, at a concen-
tration of 5 MM, appears to be an effective specific repressor at the translational
level of the synthesis of ALA-synthetase, acting either by competing with an
inducer for a specific site, or by acting at some other site.
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Abbreviations: AIA, allylisopropylacetamide; ALA, 6-aminolevulinic acid; DDC, 3,5-di-
carbethoxy-1,4-dihydrocollidine; Lindane, y-hexachlorocyclohexane.
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